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Aluminacyclopentadiene, named as the alumole, exhibits four dominantly localized π electrons within the AlC~4~ five‐membered ring. The alumole is an important organoaluminum species with an unique aluminum containing heterocycle, which usually emerges as an intermediate in organic or organometallic reactions.[1](#anie202000899-bib-0001){ref-type="ref"} To date, only a few examples of alumoles were prepared from the salt metathesis reactions using 1,4‐dilithio‐1,3‐butadiene and aluminum dihalides as well as its derivatives.[2](#anie202000899-bib-0002){ref-type="ref"} Previously an alternative method was applied using zirconacyclo‐pentadiene mediated transformation of internal alkyne and aluminum dihalides in a catalytic fashion.[3](#anie202000899-bib-0003){ref-type="ref"} To our knowledge, no other route is available. Actually, the aluminum center of compounds exhibits strong Lewis acidity, and this causes problems for predicting a reliable synthetic route to prepare aluminum containing heterocycles. We have utilized the chelate ligand to coordinately stabilize the Al center and successfully prepared the aluminacyclopropenes L^1^Al(η^2^‐C~2~R~2~) (L^1^=CH(CMeNAr)~2~, Ar=2,6‐*i*Pr~2~C~6~H~3~; R=H, Ph, SiMe~3~, Me).[4](#anie202000899-bib-0004){ref-type="ref"} Other organic heterocycles of composition AlC~2~N,[5](#anie202000899-bib-0005){ref-type="ref"} AlC~3~,[6](#anie202000899-bib-0006){ref-type="ref"} AlC~3~O,[4a](#anie202000899-bib-0004a){ref-type="ref"} AlC~3~N,[4a](#anie202000899-bib-0004a){ref-type="ref"}, [7](#anie202000899-bib-0007){ref-type="ref"} and Al~2~C~3~S[8](#anie202000899-bib-0008){ref-type="ref"} have been reported. However, attempts to synthesize alumoles by alkyne‐insertion reactions were not successful.[4b](#anie202000899-bib-0004b){ref-type="ref"}, [9](#anie202000899-bib-0009){ref-type="ref"} Herein, we explored the reaction of the aluminum dialkynyl LAl(C≡CR)~2~ with the strongly Lewis acidic borane B(C~6~F~5~)~3~. We were able to approach the alumole LAl{C(R)=C(C~6~F~5~)C\[B(C~6~F~5~)~2~\]=C(R)}, through the zwitterionic aluminum cation borate intermediate LAlC(R)=C(C~6~F~5~)B(C~6~F~5~)~2~(C≡CR) (see Scheme [2](#anie202000899-fig-5002){ref-type="fig"}). The utilization of the strong Lewis acid enabled chemical changes of the two C≡C bonds at the Al center in an unusual fashion. Moreover, the present alumoles are highly substituted, featuring one C~6~F~5~ group and one B(C~6~F~5~)~2~ group besides two R groups attached at the butadiene skeleton. This is quite different from those alumoles having the same four R groups, showing expansion of the precursors. Herein we present in detail the formation of the alumoles with their intermediates.

We prepared three β‐diketiminato ligand‐stabilized aluminum dialkynyls L^1^Al(C≡CR)~2~ (L^1^=CH(MeCNAr)~2~, Ar=2,6‐*i*Pr~2~C~6~H~3~, R=Ph (**1**), *t*Bu (**1 a**), SiMe~3~ (**1 b**) by the metathesis reaction using L^1^AlCl~2~ and in situ generated LiC≡CR.[10](#anie202000899-bib-0010){ref-type="ref"} Further reaction was carried out initially employing **1 a** and/or **1 b** with B(C~6~F~5~)~3~ [11](#anie202000899-bib-0011){ref-type="ref"} in a 1:1 molar ratio in C~6~D~6~. But, no reaction occurred even when treated under reflux conditions (see Figures S2‐1 and S2‐2 in the supporting information). It was fortunate that **1** reacted with B(C~6~F~5~)~3~ at 65 °C to smoothly afford alumole **2**, which was isolated as an orange solid in 78 % yield (Scheme [1](#anie202000899-fig-5001){ref-type="fig"}). We have tried an alternative route using BEt~3~ instead of B(C~6~F~5~)~3~, but no reaction occurred with **1**, **1 a** and **1 b**, respectively.

![Reactions of aluminum dialkynyl compounds supported by β‐diketiminato ligands with B(C~6~F~5~)~3~ to form the alumole **2**.](ANIE-59-10027-g006){#anie202000899-fig-5001}

To further expand the reaction scope, we selected an anilido‐imino ligand. We prepared the corresponding aluminum dialkynyls L^2^Al(C≡CR)~2~ (L^2^=*o*‐C~6~H~4~(CH=NAr)NAr, Ar=2,6‐*i*Pr~2~C~6~H~3~; R=Ph (**3**), 2‐thienyl (**5**)) by a similar route to L^1^Al(C≡CR)~2~ as mentioned before. Subsequently, the reactions of **3** or **5** with equivalent amounts of B(C~6~F~5~)~3~ were conducted under similar conditions in toluene. As a consequence, alumoles **4** and **6** were successfully prepared with a yield of 81 % and 86 %, respectively (Scheme [2](#anie202000899-fig-5002){ref-type="fig"}).

![Reactions of aluminum dialkynyl compounds supported by anilido‐imino ligands with B(C~6~F~5~)~3~ to form the alumoles **4**, **6** via intermediate **7**.](ANIE-59-10027-g007){#anie202000899-fig-5002}

X‐ray crystallographic analysis revealed that all **2**, **4** and **6**, contain the AlC~4~‐fused heterocycle (Figure [1](#anie202000899-fig-0001){ref-type="fig"} for **4**; Figure S3‐1 for **2**; Figure S3‐2 for **6**). The C(1)‐C(2) and C(3)‐C(4) bond lengths fall in the range of 1.354(3)--1.367(2) Å, while the C(2)‐C(3) bond lengths are 1.503(3)--1.524(2) Å, indicating the typical alumole structure exhibiting a double‐single‐double bond arrangement. It is important to mention that the AlC~4~‐rings in these three compounds are perfectly planar as indicated by the least square plane values of 0.0050 for **2**, 0.0442 for **4** and 0.0121 Å for **6**, respectively, which are below the standard of 0.05 Å. These central alumole frameworks are highly substituted, with two R groups at the two α‐C atoms, C~6~F~5~ and B(C~6~F~5~)~2~ group at each of the two β‐C atoms, and additionally the Al atom is chelated by the β‐diketiminato ligand for **2** and anilido‐imino ligand for **4** and **6**. In the ^13^C NMR spectrum of **2**, the C~4~ skeleton carbon resonances were found at 136.2, 157.3, 170.0, 170.4 ppm, and approximative chemical shift were also observed in that of **4** and **6** (see Supporting Information). Furthermore, the ^19^F NMR spectra display two sets of the fluorine resonances due to the C~6~F~5~ and B(C~6~F~5~)~2~ groups.

![X‐ray crystal structure of **4** with thermal ellipsoids set at 20 % probability. H atoms and 2,6‐*i*Pr~2~C~6~H~3~ groups at N atoms are omitted for clarity. Selected bond lengths \[Å\] and angles \[°\]: Al(1)--N(1) 1.9460(15), Al(1)--N(2) 1.8626(15), Al(1)--C(1) 1.9886(18), Al(1)--C(4) 1.9872(18), C(1)--C(2) 1.367(2), C(2)--C(3) 1.524(2), C(3)--C(4) 1.357(3), B(1)--C(2) 1.552(3); N(1)‐Al(1)‐N(2) 95.53(6), C(1)‐Al(1)‐C(4) 90.60(7). The CCDC numbers for all the structures reported herein can be found in the Supporting Information.](ANIE-59-10027-g001){#anie202000899-fig-0001}

To reveal the reaction mechanism in detail, we carried out the reaction of **3** with equivalent amounts of B(C~6~F~5~)~3~ by monitoring the NMR spectra. The time‐dependent ^1^H NMR spectra recorded in C~6~D~6~ at 65 °C are shown in Figure [2](#anie202000899-fig-0002){ref-type="fig"} (the corresponding ^19^F NMR spectra data is shown in Figure S2‐3. Clearly, there displays a gradual change of the proton resonances of either the *H*C=N in the skeleton or the C*H*Me~2~ in the Ar substituent. This shows the consumption of starting material **3** and the generation of product **4** via one species **7** which resonates at *δ* ~*H*C=N~ 7.88 ppm and *δ* ~C*H*Me2~ 2.41, 2.93, 2.99 and 4.06 ppm. We were intrigued with the composition and structure of **7** as the possible intermediate. By means of the reaction temperature (at room temperature) and time (5 h) control, we were able to crystallize an aluminum cation borate zwitterion **7** (light‐yellow crystals, yield of 53 %). However, the isolation of **7**‐like species from the reaction of either **1** or **5** with B(C~6~F~5~)~3~ was not successful. Furthermore, we prepared the amidinato ligand stabilized aluminum dialkynyl L^3^Al(C≡CPh)~2~ (L^3^=C*t*Bu(NCy)~2~, Cy=*cyclo*‐C~6~H~11~, **8**) and subsequently accomplished the reaction with B(C~6~F~5~)~3~. As a consequence, we isolated intermediate **9** (colorless crystals, yield of 67 %, Scheme [3](#anie202000899-fig-5003){ref-type="fig"}). Unexpectedly compound **9** is remarkably stable, and its further conversion to alumole was not detected even at higher temperature (110 °C) for 24 h. This could be due to the much higher energy barrier (39.6 kcal mol^−1^) for the reaction of the second alkynyl group of compound **9** to alumole as compared to that of **7** (23.9 kcal mol^−1^).

![The ^1^H NMR spectral‐monitored progress on reaction of **3** and B(C~6~F~5~)~3~ to give **7** and **4** in C~6~D~6~ at 65 °C. The regions between *δ* 8.5--7.5 ppm for the *H*C=N of L^2^ skeleton and *δ* 4.5--2.0 ppm for the C*H*Me~2~ of the Ar substituent are shown.](ANIE-59-10027-g002){#anie202000899-fig-0002}

![Reactions of aluminum dialkynyl compounds supported by amidinato ligands with B(C~6~F~5~)~3~ to form compound **9**.](ANIE-59-10027-g008){#anie202000899-fig-5003}

Compounds **7** and **9** both exhibit a structure (Figure [3](#anie202000899-fig-0003){ref-type="fig"} for **7** and Figure S3‐3 for **9**) that is much different from those of **2**, **4** and **6**. The C(1)‐C(2) bonds (1.351(3) in **7** and 1.354(5) Å in **9**) have double bond character whereas the C(3)‐C(4) bonds (1.208(3) in **7** and 1.217(5) Å in **9**) exhibit triple bond characteristics. The Al(1)‐C(1) (1.972(2) in **7** and 1.939(4) Å in **9**) bond lengths are comparable to those found within the AlC~4~‐rings of **2**, **4** and **6** (1.972(2)--2.001(2) Å), respectively. However the separations of Al(1)‐C(3) (2.248(2) in **7** and 2.194(4) Å in **9**) and Al(1)‐C(4) (2.531(1) in **7** and 2.352(4) Å in **9**) are much longer than that of the common Al−C σ‐bond. This is indicative of a side‐on coordination of C(3)‐C(4) π‐bond to the aluminum center. The ^13^C NMR spectral data warrant the olefinic carbon resonances for C(1) and C(2) (for **7**, *δ* 129.6 (Al*C*=) and 158.1 ppm (=*C*B); for **9**, see the Supporting Information), as well as the alkynyl carbon resonances for C(3) and C(4) (for **7**, *δ* 118.3 (Ph*C*≡) and 123.9 ppm (≡*C*B); for **9**, see the Supporting Information). Note that the B atom adopts a tetrahedral coordination geometry, in agreement with the ^11^B NMR data (*δ*−20.7 in **7** and −20.2 ppm in **9**). Then the B center holds a negative charge and correspondingly the Al atom a positive charge; either **7** or **9** is indeed a zwitterionic compound. To our knowledge, compounds **7** and **9** may represent the first structural example exhibiting a definite π‐bond complexation between the cationic Al and the C≡C bond, although such interaction was only found at neutral and dimeric alkynyl aluminum compounds.[12](#anie202000899-bib-0012){ref-type="ref"}

![X‐ray crystal structure of **7** with thermal ellipsoids set at 50 % probability. H atoms and 2,6‐*i*Pr~2~C~6~H~3~ groups at N atoms are omitted for clarity. Selected bond lengths \[Å\] and angles \[°\]: Al(1)--N(1) 1.858(2), Al(1)--N(2) 1.929(2), Al(1)--C(1) 1.972(2), Al(1)--C(3) 2.248(2), Al(1)--C(4) 2.531(1), C(1)--C(2) 1.351(3), C(2)--B(1) 1.624(3), B(1)--C(3) 1.629(3), C(3)--C(4) 1.208(3); N(1)‐Al(1)‐N(2) 96.49(9), C(3)‐Al(1)‐C(4) 30.8(2).](ANIE-59-10027-g003){#anie202000899-fig-0003}

To further understand the reaction mechanism for the alumole synthesis, DFT calculations at M06‐2X level were performed on reaction of **3** and B(C~6~F~5~)~3~ to **4** as the representative example (Figure [4](#anie202000899-fig-0004){ref-type="fig"}). The reaction usually started with a commonly known interaction between the C≡C π‐electrons and the B center. The step experiences a moderate Gibbs energy barrier of 8.5 kcal mol^−1^ (for **TS1**), leading to the formation of a zwitteronic aluminum‐cation borate **Int1**. The subsequent 1,2‐migration of one C~6~F~5~ group and meanwhile a Al‐C~alkynyl~ bonding, overcoming a Gibbs energy barrier of 10.1 kcal mol^−1^ (for **TS2**), affords intermediate **Int2** that was energetically favored in fact. However, intermediate **7**, formed as a consequence by the second alkynyl group migration from the Al to B center, appeared to be more stable than the **int2** by 10.4 kcal mol^−1^ (between these two species exists **TS3** with a very small energy barrier of 1.5 kcal mol^−1^), and therefore it was possible to isolate **7** rather than the **int2**. Finally, climbing the **TS4** resulted in **4** as the most stable compound in the whole reaction process. The group exchange reaction has been known for the aluminum alkyl and B(C~6~F~5~)~3~.[13](#anie202000899-bib-0013){ref-type="ref"} For the aluminum alkynyl, the alkynyl migration to the electron deficient B center is instead. It is worth mentioning that similar synthetic routes to the borole, silole, phosphole, and stannole compounds have also been reported using related dialkynyls with B(C~6~F~5~)~3~ by Erker et al.[14](#anie202000899-bib-0014){ref-type="ref"} and previously with trialkylboron by Wrackmeyer et al.[15](#anie202000899-bib-0015){ref-type="ref"} A phosphirenium borate and a vinylacetenylphosphine, which are, respectively similar to **Int1** and **Int2** in structure, were isolated and characterized as intermediates in the synthesis of phospholes.[14c](#anie202000899-bib-0014c){ref-type="ref"} And also several tin or lead analogues of **7** (or **9**) with such side‐on coordination characteristics were reported by Wrackmeyer and co‐workers.[16](#anie202000899-bib-0016){ref-type="ref"} The approach to the alumoles opens a door to the aluminum element, fulfilling a widely effective route for preparing main group III to VI element combinations.

![DFT‐calculated reaction mechanism of **3** and B(C~6~F~5~)~3~ to form **4** via **7** as a stable intermediate (L=*o*‐C~6~H~4~(CH=NAr)NAr, Ar=2,6‐*i*Pr~2~C~6~H~3~).](ANIE-59-10027-g004){#anie202000899-fig-0004}

Alumoles **2** and **4** in benzene show similar absorption mode with peaks at 337 and 365 nm for **2**, and 337 nm and 366 nm for **4**, respectively (Figure S4‐1). However, their fluorescence emissions in benzene are very weak or almost negligible. Interestingly, they exhibit brightly yellow emissions (*λ* ~em(maximum)~ at 565 nm for **2** and 566 nm for **4**, Figure [5](#anie202000899-fig-0005){ref-type="fig"}) in the solid state. The luminescence lifetime for **2** was obtained at 13.7 ns (quantum yield *Φ*≈9.3 %) and for **4** at 4.3 ns (quantum yield *Φ*≈8.6 %) (Figures S4‐4 and S4‐5). This is in contrast to the conventional organic fluorophores showing good fluorescence in (dilute) solution but weak or even none in solid state because of a self‐quenching. Therefore, the fluorescence of both **2** and **4** may be of the typical aggregation‐induced emission (AIE) character more recently reported.[17](#anie202000899-bib-0017){ref-type="ref"} Similar AIE property was also observed for the main group element‐containing heteroles.[18](#anie202000899-bib-0018){ref-type="ref"} This AIE is often illustrated in terms of the restricted intramolecular rotation (RIR) mechanism.[19](#anie202000899-bib-0019){ref-type="ref"} In **2** and **4**, there are arranged around the central AlC~4~ plane six rings (two Ph, three C~6~F~5~, and one AlN~2~C~3~). For that reason the RIR is especially remarkable in the solid state. The DFT calculations confirmed the charge density difference between the first lowest singlet excited state and the ground state (Figure S5‐2), and suggested an electron transfer from the π orbitals over the AlC~4~‐ring to the p orbital of the B center. The alumole **6** exhibits the absorption peaks at 394 and 445 nm, but shows no fluorescence emission both in the solid and the solution state (Figures S4‐2 and S4‐3). This is probably due to the deviation of the central AlC~4~ ring from the plane with the consequence of a lowered RIR.

![Normalized fluorescent emission spectra and pictures of fluorescent emissions of alumoles **2** and **4** in the solid state (365 nm excitation).](ANIE-59-10027-g005){#anie202000899-fig-0005}

In summary, we have found a facile route to synthesize the alumoles. Alumoles **2** and **4** both exhibit aggregation‐induced emission (AIE) because of restricted intramolecular rotations (RIR); alumole **6** does not have this property. The intramolecular aluminum borate zwitterions **7** and **9** each with Al⋅⋅⋅η^2^‐C≡C side‐on coordination structure are suggested as the intermediates. These results show a distinctive route so far not known in the organoaluminum chemistry for the preparation of the aluminum containing heterocycles.
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